(F and G) Axons from the two PVQ interneurons extend in the ventral nerve cord and express sra-6::GFP. (F) In wild-type animals (ventral view), each axon is restricted to the ipsilateral nerve cord (the midline is marked by the vulva, labeled with an arrowhead in all panels). (G) In a sax-3(ky123) mutant animal (ventral view) , the PVQ axons cross the midline at multiple positions. Here both axons (arrows) run on the left side of the vulva. Anterior is at left in all panels. Scale bars ϭ 10 m.
We describe here the effects of the sax-3 gene in the Results ventral nerve cord. In sax-3 mutants, most longitudinal axons in the ventral cord extend to their full length, but
Mutations in sax-3 Disrupt Axon Guidance in the Ventral Nerve Cord the left-right asymmetry of the ventral cord is disrupted so that many longitudinal axons extend on the incorrect
The two primary axon bundles in C. elegans are the nerve ring in the head and the ventral nerve cord along side of the nerve cord. A single mutant axon can cross the midline many times along its trajectory. Thus, sax-3 the midline of the body. Most C. elegans neurons extend axons into at least one of these axon bundles (White et acts to establish the asymmetry of the ventral nerve cord. In addition, sax-3 activity is required to guide axal., 1976, 1986) . Four mutations in the sax-3 gene were identified in a screen for mutations that affect the formaons to the ventral midline; in mutant animals, some ventral cord axons are found in aberrant lateral positions.
tion of the nerve ring (J. A. Z. and C. I. B., unpublished data). In these mutants, the nerve ring was found in an These functions of sax-3 allow it to act in concert with the unc-6/netrin pathway to recruit axons to the ventral aberrant anterior position and many nerve ring axons were misrouted. While these defects are dramatic, they nerve cord. sax-3 encodes a predicted transmembrane molecule that is similar to the Drosophila robo gene are difficult to analyze because little is known about the formation of the nerve ring during development. Thereproduct (Kidd et al., 1998a [this issue of Cell] ), identifying a new conserved family of cell surface molecules infore, we examined the function of sax-3 in the betterunderstood ventral nerve cord. These studies were convolved in axon guidance. number of axons crossed the midline at some point in Table 1 . Axon Defects in Ventral Cord Interneurons in sax-3 Mutants their trajectory. Except for these crossover events, the glr-1-expressing neurons were tightly fasciculated with one another, as they are in wild-type animals. Thus, sax-3 functions both in the guidance of glr-1::GFPexpressing axons to the ventral midline and in their restriction to the right ventral nerve cord.
Single Axons Cross the Midline Multiple Times in sax-3 Mutant Ventral Nerve Cords
To examine the behavior of single axons in sax-3 mutants in greater detail, we made use of a transgene that labels a single pair of ventral cord axons. The two PVQ neurons have cell bodies in the tail and axons that travel the length of the ventral nerve cord: the PVQR axon in the right cord and the PVQL axon in the left cord. The PVQ axons in wild-type animals normally grow along Axon phenotypes were scored in adults with the glr-1::GFP marker, which labels the following interneurons with axons in the ventral the ventral midline without crossing it. An sra-6::GFP nerve cord: AVA, AVB, AVD, AVE, AVG, and PVC. Schematic drawtransgene is expressed in the PVQ axons and in no other ings show the central third (top panel) or anterior third (bottom panel) axons in the ventral nerve cord (Troemel et al., 1995;  of the animal. The vulva is indicated by a diamond. n ϭ number of Figure 1F ). This transgene was introduced into sax-3 animals scored. Animals with more than one phenotype were scored mutants to characterize the morphology of the PVQ in multiple categories, so percentages do not always add up to axons.
100%. Nerve ring axon phenotypes were not scored. 1 Ͻϭ vulva, axons terminated before or at the vulva, a landmark
In sax-3 mutants, the PVQ axons extended to their halfway between the head and the tail. Ͼ vulva, axons terminated full length in the ventral nerve cord but repeatedly after passing the vulva. These refer to aberrant lateral axons in crossed the ventral midline ( Figure 1G ). One or more the lateral axon category and ventral cord axons in the premature crossovers were observed in 55% of sax-3(ky123) mutermination category. tant animals, compared to 5% of wild-type animals (n ϭ 60 each). These defects at the ventral midline resemble those of the Drosophila robo mutant, where there is increased axon crossing of the ventral midline (Seeger ducted with the mutation sax-3(ky123), which is predicted to cause a strong loss of function based on its nerve et al., 1993). Individual animals displayed from one to six apparent crossover events throughout the length of ring phenotype (J. A. Z. and C. I. B., unpublished data) and the molecular lesion associated with it (see below).
the ventral nerve cord. The examination of single PVQ axons demonstrated that the midline crossing events To examine the overall structure of the ventral nerve cord, we made use of a glr-1::GFP transgene (Maricq were superimposed on a mostly normal longitudinal trajectory. et al., 1995) . This gene is expressed at high levels in 11 neurons with axons in the ventral nerve cord. In wildSimilar crossover phenotypes were observed in the axons of the two serotonergic HSN motor neurons, visutype animals, all of these axons are found in the right ventral nerve cord, and a single axon bundle is visible alized with antibodies to serotonin. In the wild type, each HSN motor neuron sends an axon ventrally to the midline at the ventral side of the animal ( Figures 1B and 1D ). In sax-3 mutants, two types of defects were observed.
and then anteriorly to the head without crossing the midline ( Figure 2A ). In sax-3 mutants, the HSN axons First, in over half of the animals one or more axons from head neurons were located in lateral positions instead were able to cross and recross the ventral midline (Figure 2B ; Table 2 ; data not shown). of the ventral nerve cord ( Figure 1C ; Table 1 ). It was not possible to determine whether the same cells were The HSN axon also had defects in the initial ventrally directed component of its outgrowth in sax-3 mutants. affected in all animals. Infrequent termination of axons within the ventral nerve cord was also observed. In sax-3
In wild-type animals, the HSN axon grows ventrally to the nerve cord either immediately at the cell body or mutants, the cell bodies of the glr-1::GFP-expressing neurons were present in normal number and in the apshortly anterior of the cell body ( Figure 2C ). In sax-3 mutants, a high proportion of HSN axons traveled laterpropriate body region. Since no axons in the head normally follow the lateral trajectories observed in sax-3 ally for long distances before reaching the ventral nerve cord, either in an anterior direction or in an aberrant mutants, they appear to have a defect in guidance and not in neuronal cell fate determination.
posterior direction (Figures 2D and 2E ; Table 2 ). Thus, as was observed for the ventral cord interneurons, sax-3 Second, in sax-3 mutants the glr-1-expressing axons within the ventral nerve cord were not restricted to the plays two roles in the guidance of the HSN motor neurons: it is required for growth along the epidermis to the right-hand side but were instead found on both the right and left sides of the nerve cord ( Figure 1E ; Table 1 ). This ventral nerve cord and for selection of the ipsilateral nerve cord during anterior growth. unusual disorganization was most apparent at the vulva, where the left and right ventral cords are widely sepaIn summary, mutations in sax-3 caused defects in axon guidance to the ventral nerve cord and disrupted rated. In rare cases, the entire bundle of axons ran on the left instead of the right side; more often, a small the asymmetry between the right and left ventral nerve SAX-3 Is a Member of the Immunoglobulin Superfamily sax-3 was cloned using a combination of genetic mapping and transformation rescue of its mutant phenotype. Briefly, sax-3 mapped to the X chromosome between the gene fax-1 and the polymorphism stP40. Cosmid clones and subclones covering this region were assayed for rescue of the sax-3 nerve ring axon phenotype ( Figure  3A) . cDNA clones for sax-3 were isolated from the C. elegans EST project (a generous gift of Yuji Kohara), by screening a mixed-stage cDNA library (a generous gift of Bob Barstead) and by RT-PCR (see Experimental Procedures). These clones represented three alternatively spliced sax-3 isoforms differing by nine amino acids in their cytoplasmic domains. The longest sax-3 isoform was predicted to encode a 1273 amino acid protein ( Figure 3B ). sax-3 encodes a novel transmembrane protein in the immunoglobulin superfamily. The SAX-3 protein was predicted to contain a hydrophobic signal sequence, an extracellular domain containing five immunoglobulinlike domains and three fibronectin type III repeats (amino acids 31-837), a transmembrane domain (amino acids 876-896), and a large cytoplasmic domain ( Figures 3A  and 3B ). SAX-3 shares this modular structure with the Drosophila DRobo1 protein and with Robo homologs identified in Drosophila and vertebrates (Kidd et al., 1998a) . SAX-3 is 35% identical to DRoboI and 37% identical to hRoboI in the extracellular domain. Despite lower conservation in the cytoplasmic domains, there are three conserved cytoplasmic motifs across all homologs (described in Kidd et al., 1998a) . Another vertebrate protein, CDO, shares the five immunoglobulin domain/three fibronectin type III domain structure with SAX-3 and the Robo proteins, but is significantly less similar to the SAX-3/Robo family (Kang et al., 1997) .
To confirm that this open reading frame represented the sax-3 gene, we identified the mutations in the four sax-3 alleles ( Figures 3A and 3B ). sax-3(ky123) deleted the signal sequence and the first exon of the gene, sax-3(ky200ts) was a proline to serine substitution in amino acid 37 of the first Ig domain, sax-3(ky198) disrupted a transgene exhibited complex and dynamic expression.
larval stage, sax-3::GFP expression continued in head muscles and appeared in muscles along the body wall, The fusion gene was expressed in most or all neurons at high levels as well as some hypodermal and muscle with ventral muscles expressing more strongly than dorsal muscles and anterior muscles expressing more cells. In most neurons, sax-3::GFP expression was transient, peaking during the period of axon outgrowth. strongly than posterior muscles ( Figure 4B-4D ). This expression persisted until the adult stage. Epidermal sax-3::GFP expression was observed at highest levels in the embryo, particularly during the initial period of expression was rarely observed in larval stages. Despite the general extinction of neuronal expression axon outgrowth at 350-400 min of development (comma stage, Figure 4A ). The nerve ring and ventral nerve cords in larvae, sax-3::GFP expression appeared in the HSN motor neurons during the second larval stage. At this are formed within 1-2 hr of this time (Durbin, 1987) . At the comma stage, the reporter gene is expressed at high time, the HSN neurons begin to extend an axon from their lateral cell bodies toward the ventral midline (Figlevels in the anterior embryo, including most developing neurons of the nerve ring, and in a swath of ventral ures 4C and 4D). The sax-3::GFP marker revealed an elaborate growth cone leading the HSN axon ventrally cells that includes the developing motor neurons of the ventral nerve cord and posterior neurons such as PVQ.
during the second larval stage ( Figure 4C) ; the axon reaches the ventral nerve cord around the third larval A lower level of expression was observed in epidermal cells. Earlier in embryogenesis (200-400 cell stage; 200-stage ( Figure 4D ). sax-3::GFP expression continued in HSN during the fourth larval stage, when the HSN axon 300 min of development) sax-3::GFP was expressed in all epidermal cells at a low level. Later in embryogenesis grows anteriorly to the head, and decreased in the adult stage after the completion of HSN axon outgrowth. sax-(3-fold stage, Ͼ500 min of development), sax-3::GFP was expressed in the muscles that extend from the nerve 3::GFP expression in the adult included the motor neurons, interneurons, and sensory neurons listed above ring to the anterior tip of the head. The early epidermal expression followed by later neuronal expression is simias well as postembryonic ventral cord motorneurons, some interneurons from the tail, and head, body wall, lar to the expression of Robo protein in the Drosophila embryo (Kidd et al., 1998a) . and vulval muscles. By the first larval stage, the sax-3::GFP transgene was no longer expressed in most sensory neurons but SAX-3 Is Required at the Time of Axon Guidance sax-3::GFP is expressed in neurons and in embryonic persisted in motor neurons in the head including RMD, RMG, SMD, SIA, and SIB neurons; projection interneurepidermis, consistent with a direct requirement for SAX-3 during axon guidance or an earlier role for SAX-3 ons in the head and tail, including AVA, AVB, PVC, AVD, PVQ, and ALA neurons; and the sensory OLQ neurons in epidermal patterning events. One way to distinguish between these possibilities is to provide sax-3 activity at ( Figure 4B ). This neuronal expression diminished slowly throughout postembryonic development. During the first different times during development. To ask when sax-3 activity was required, we conducted temperature shift their axon extension and guidance. sax-3 activity was required embryonically for nerve ring axon guidance experiments with a temperature-sensitive allele, sax-3 (ky200ts). We examined three phenotypes: the formation ( Figure 5A ). Animals raised at the permissive temperature during embryogenesis exhibited wild-type nerve of the nerve ring, which takes place in the embryo; the ventral outgrowth of the HSN axon, which takes place ring axon morphology irrespective of the temperature they encountered in larval stages. Animals raised at the in the L2 stage; and the longitudinal growth of the HSN axon, which takes place in the L4 stage. All of these restrictive temperature in the embryo were mutant even if they were shifted to the permissive temperature immedefects were more severe in sax-3(ky200ts) animals grown at 25ЊC than at 20ЊC ( Figure 5 ; Table 2 ). diately after embryogenesis. This embryonic requirement for sax-3 function correlates with the time of axon Temperature shift experiments with sax-3(ky200ts) animals indicated that SAX-3 is required at different extension into the nerve ring. Additional temperature shift experiments revealed a times in different neurons, correlating with the time of similar embryonic requirement for sax-3 in the outgrowth Discussion of the PVQ axon, which grows longitudinally in the ventral nerve cord during embryogenesis. Only the temperasax-3 mutants are defective in the axon guidance of neurons throughout the C. elegans nervous system, and ture before the L1 stage was important for the midline crossing phenotype of the PVQ axon (data not shown).
SAX-3 is predicted to be a transmembrane protein in the immunoglobulin superfamily. SAX-3 could act either Guidance of the HSN axon in later larval stages required postembryonic sax-3 activity ( Figures 5B and 5C ).
as a ligand or a receptor mediating cell interactions, or a receptor for cell-substrate interactions. The expresFor the guidance of the HSN axon to the ventral midline, sax-3 activity was most important during the L2 and L3 sion of sax-3::GFP in developing neurons suggests that SAX-3 acts as a receptor. Most strikingly, the induction stages ( Figure 5B ). This requirement for sax-3 coincides with the time that the HSN axon contacts the ventral of sax-3::GFP in the HSN correlates precisely with the onset of HSN axon outgrowth and with the temperaturemidline and expresses sax-3::GFP, implicating sax-3 function at the time of HSN guidance. By contrast, the sensitive period for ventral guidance of the HSN axon. A receptor function for SAX-3 is also suggested by its patterning of epidermal cells and the axon outgrowth of all neurons in the ventral nerve cord other than the similarity to Drosophila Robo, which is expressed on the growth cones of developing axons (Kidd et al., HSN take place in the embryo and L1 stages.
The midline crossing defect of the HSN axon had a 1998a). SAX-3 and the Robo family members have a five immunoglobulin/three fibronectin type III domain more complicated temperature dependence ( Figure 5C ). Shifts to the permissive temperature demonstrated that organization and substantial sequence similarity that identifies them as a new subfamily within the immunosax-3 activity provided as late as the L4 stage of development can rescue the HSN axon crossover defect. At globulin superfamily. SAX-3 is involved in the guidance of axons to the this late time the HSN axon has reached the ventral midline and begun longitudinal outgrowth, indicating ventral nerve cord, the second largest axon bundle in C. elegans; in sax-3 mutant animals, axons failed to that sax-3 activity prevents midline crossing during the time that the HSN axon extends in the longitudinal nerve navigate ventrally to the midline and instead traveled aberrantly in lateral positions. SAX-3 was also required cords. sax-3 activity supplied in the adult could not repair the HSN midline crossing defect, indicating that for the proper organization of axons within the ventral nerve cord. In wild-type animals, the smaller left bundle sax-3 cannot rescue HSN axons after they have crossed the midline. In the converse experiment, shifting animals and the larger right bundle of the ventral cord remain entirely separate throughout their trajectories as they to the restrictive temperature in the L1 stage or later did not result in excess midline crossing. These results extend in parallel along the length of the body (White et al., 1976 (White et al., , 1986 . Mutations in sax-3 disrupted the inindicate that sax-3 activity either in the embryo or at the time of HSN outgrowth can prevent aberrant crossing tegrity of these bundles, allowing axons to cross repeatedly between the left and right sides of the ventral cord. of the ventral midline. One possible interpretation of these results is that HSN axons in the L4 stage can However, the same axons were still able to extend normally in a longitudinal direction. Thus, the defect in sax-3 follow a normal uncrossed nerve cord in a wild-type environment (established in the embryo) without sax-3 mutants represents a defect in guidance rather than extension of ventral axons. activity, but they require sax-3 activity to extend in an abnormal nerve cord without crossing the midline.
The repeated midline crossing and the associated loss 2 ϭ 5.9, p ϭ 0.015). In the converse experiment, shifts to the permissive temperature at any time before the L3 stage completely rescued HSN ventral guidance, with no significant difference from the 20ЊC control ( 2 Ͻ 3, p Ͼ 0.05). However, shifting to the permissive temperature in the L3 stage or later was not able to rescue the ventral defect of the HSN axon, differing from the 20ЊC control at 2 Ͼ 9, p Ͻ 0.01. (C) Temperature dependence of longitudinal guidance of the HSN motor axons. Shifts to the permissive temperature up to the L4 stage rescued the HSN crossing defect (all larval shifts to the permissive temperature were indistinguishable from the 20ЊC control and differed from the 25ЊC control at 2 Ͼ 11, p Ͻ 0.001). Conversely, shifts to the restrictive temperature up to the L4 stage did not result in midline crossing defects (all larval shifts to the restrictive temperature were statistically indistinguishable from the 20ЊC control and differed from the 25ЊC control at 2 Ͼ 11, p Ͻ 0.01). Animals shifted in the adult stage were indistinguishable from animals that had not been shifted at all ( 2 Ͻ 1.9, p Ͼ 0.05) and significantly different from animals raised at the temperature to which they had been shifted ( 2 Ͼ 11, p Ͻ 0.01).
of ventral nerve asymmetry in sax-3 mutants are unique is especially striking given the dissimilarity of the Drosophila and C. elegans ventral nerve cords. In Drosophmutant phenotypes in C. elegans. Nine genes that affect the extension of axons in the ventral nerve cord have ila, most axons cross the midline once before projecting longitudinally. In robo mutants, the small fraction of axbeen identified in previous mutant screens (unc-14, -33, -34, -44, -51, -71, -73, -76, and vab-8) . In all cases, ons that normally remain ipsilateral cross the midline, and axons that normally cross the midline once are mutant axons terminate prematurely at a high frequency but maintain a strong bias of axons toward the right thought to cross multiple times because of the dramatic thickening of mutant commissures (Seeger et al., 1993) . ventral cord (McIntire et al., 1992; Wightman et al., 1996) . Seven other genes that do affect ventral cord asymmetry
In contrast to the extensive and symmetric arrangement of crossovers in the normal Drosophila CNS, C. elegans have activities that are opposite to sax-3; mutations in unc-3, -30, -42, -115, fax-1, enu-1, and unc-6/netrin axons normally do not cross at all after they join the ventral nerve cord. However, in sax-3 mutants the PVQ reduce the number of axons in the left ventral cord (Wadsworth et al., 1996; Wightman et al., 1997) . Cell axon can cross the C. elegans midline multiple times, indicating that robo and sax-3 both act to promote longiablation experiments have revealed an essential role for the PVPR neurons in establishing the left ventral nerve tudinal fascicle integrity and prevent midline crossing. The sequence similarity between sax-3 and robo (Kidd cord (Durbin, 1987) ; mutants with missing left nerve cords may be defective in PVPR function or the ability et al., 1998a) reveals a deep molecular homology in the organization of these different ventral nerve cords. of other neurons to recognize PVPR.
The ventral cord crossover phenotypes of sax-3 muIn Drosophila and vertebrates, the left and right longitudinal axon tracts are kept separate in part by a repultants are highly reminiscent of the phenotypes of Drosophila robo mutants (Seeger et al., 1993) , a result that sive activity of the midline (Myers and Bastiani, 1993; Seeger et al., 1993; Stoeckli and Landmesser, 1995; data) , including its requirement for proper placement of the nerve ring, the major circumferential axon bundle in Stoeckli et al., 1997) . Drosophila Robo has been hypothesized to act as a receptor for the putative midline repelthe head of the animal (White et al., 1986) . sax-3 affects many types of guidance and cell recognilent (Kidd et al., 1998a) . From our studies in the C. elegans ventral nerve cord, we cannot distinguish whether tion events (J. A. Z. and C. I. B., unpublished data) and one possibility is that SAX-3 might act as a ligand or a sax-3 acts to promote growth along the longitudinal fascicles or to prevent growth across the midline. The receptor in different contexts. Cell-associated cues can be bidirectional: for example, transmembrane members ligand (or receptor) for SAX-3 could be an attractive molecule on axons, a repulsive molecule on the hypoof the Eph immunoglobulin domain-tyrosine kinase family can function either as receptors for transmembrane dermal ridge, or both. However, other C. elegans mutants with defasciculated nerve cords do not exhibit or GPI-linked ephrin ligands or as ligands for transmembrane ephrins (Friedman and O'Leary, 1996; Holland et extensive midline crossing, indicating that decreased access to other axons does not drive midline crossing al. , 1996; Drescher et al., 1997) . A more diverse set of SAX-3 functions is plausible if it acts as a multifunctional by default (McIntire et al., 1992) . Moreover, in sax-3 mutants most glr-1-expressing axons in the ventral axon guidance molecule. Sequential induction of different guidance molecules nerve cord fasciculate normally when they are not crossing the midline, indicating that sax-3 does not disrupt all could also contribute to the regulated integration of guidance cues. It is intriguing that another molecule with cell-cell recognition in the ventral cord. One suggestive result implicating sax-3 in midline repulsion is that sax-3 five immunoglobulin domains and three fibronectin type III domains, the CDO protein, is regulated by multiple activity provided in the L4 stage can prevent HSN midline crossing. At this stage, the earlier axons in the left receptor systems (Kang et al., 1997) . CDO is transcriptionally repressed by tyrosine kinase signaling pathventral nerve cord (PVPR and PVQL) have completed their outgrowth; the HSN axon typically fasciculates with ways, which are known to influence axon guidance. In addition, the CDO protein is posttranscriptionally downthese axons on the left side (Garriga et al., 1993) . Animals raised at the restrictive temperature during embryogenregulated when cells lose contact with their substrate. Similarly, the activity of Drosophila Robo may be inhibesis have extensive PVQ crossover defects and possibly PVP crossover defects as well. However, if sax-3 activity ited by the action of Commissureless (Comm), a transmembrane protein that is required for axons to cross is provided beginning in the L4 stage, the HSN axon does not aberrantly cross the midline. In this context, the midline (Seeger et al., 1993; , Kidd et al., 1998b . Conceptually similar events occur during the left HSN axon presumably had a choice between aberrantly crossing the midline along with its normal lymphocyte adhesion, where activation of one type of adhesion molecule, such as a lectin, permits the subseneighbors or remaining on the left side without its longitudinal neighbors. Since it remained on the left side quent engagement of an integrin receptor (Luscinskas et al., 1994) . Regulation of SAX-3 activity by other types in a sax-3-dependent fashion, sax-3 is more strongly implicated in a midline interaction than in fasciculation of guidance systems could provide spatial and temporal precision to a broadly acting cell recognition system. with specific ventral cord axons.
In addition to its role at the ventral midline, our results
Experimental Procedures
also suggest a role for sax-3 in other guidance events.
In particular, sax-3 was required for guidance of the
Strains and Genetics
HSN axon from the lateral HSN cell body to the ventral Wild-type animals were C. elegans variety Bristol, strain N2. Strains midline. The HSN axon migrates over epidermis to reach were maintained using standard methods (Brenner, 1974) . Animals the ventral nerve cord, guided by interactions with epiwere grown at 20ЊC except for the sax-3(ky200) strain, which was dermal cells but not by other axons or egg-laying musgrown at either 20ЊC or 25ЊC, as noted. Some strains were provided by the Caenorhabditis Genetic Center.
cles (Garriga et al., 1993) . In animals that lack SAX-3, Garriga, 1997), but they are not affected by unc-6. Thus, in cell migration SAX-3 may act in concert with integrin-
Germline Transformation mediated adhesion pathways and possibly a frizzled
Transgenic strains were created as previously described (Mello et pathway as well (S. Clark and C. I. B., unpublished data). (Barstead and Waterston, 1989) with the yk142c5 cDNA Temperature Shift Experiments probe (a gift from Y. Kohara). Nine cDNAs were sequenced in their Animals grown at 20ЊC were synchronized by collecting embryos entirety and the rest partially sequenced. The longest cDNA reprelaid by adults over a 3-5 hr time period. Animals grown at 25ЊC were sented amino acid 459 to the 3Ј end of the gene with a 3Ј UTR of synchronized by washing off adults and larvae from a plate, leaving 562 nucleotides. Of ten cDNAs sequenced across the alternatively behind unhatched eggs, which were transferred to a new plate for spliced exons, four contained both exons, four contained the first subsequent temperature shifts. Nerve ring phenotypes were scored but not the second exon, and two did not contain either exon.
using the ceh-23::GFP transgene. HSN phenotypes were scored by The 5Ј end of the sax-3 coding region was identified by RT-PCR staining with anti-serotonin antibodies. Animals were fixed as adults from wild-type N2 RNA prepared by Trizol extraction (GIBCO), using at a time point at least 24 hr after they were shifted to a new temperaprimers from the sax-3 coding region and the C. elegans splice ture. Between 30 and 365 animals were scored at all data points, leader SL1. The sax-3 sequence was confirmed and its genomic except the embryo/L1 shifts in Figure 5C (n ϭ 13 and 21); an average organization determined by aligning the cDNA with the reported of around 100 animals were scored per data point. Data points were genomic sequence from the C. elegans genome sequencing consorcompared to the control using the 2 statistic and the Primer of tium (Sulston et al., 1992) .
Biostatistics program (Stanton A. Glantz, McGraw-Hill Publishers). To identify the mutations in the four sax-3 alleles, the open reading frame and splice junctions of the mutant alleles were amplified using Acknowledgments the Expand PCR kit (Boehringer Mannheim) from genomic DNA preparations of the mutant strains. PCR fragments were sequenced
We are grateful to Tom Kidd and Corey Goodman for insightful on one strand using the fmol sequencing kit (Promega). Mutations discussions, sharing results before publication, and their analysis were confirmed by sequencing the complementary strand on a sepof the SAX-3 and Robo sequences. We thank Shannon Grantner, arately amplified PCR fragment.
Liqin Tong, and Yongmei Zhang for excellent technical support; Tim DNA manipulations were performed according to standard protoYu for generating the confocal images of sax-3::GFP; Yuji Kohara cols (Sambrook et al., 1989) .
for a partial sax-3 cDNA; Bob Barstead for the mixed-stage cDNA library; David Kwan for integrating the sra-6::GFP transgene; Bruce
Characterization of Neuronal Morphology
Wightman and Paul Baum for mapping markers; and Gian Garriga, Axons visualized with integrated GFP transgenes were scored in Katja Brose, Tim Yu, Zemer Gitai, Erin Peckol, Noelle L'Etoile, and living adult animals. Nerve ring axons were visualized with an inteErik Lundquist for critiques of the manuscript. This work was supgrated ceh-23::GFP transgene (strain CX2627, kyIs4 X; J. A. Z. and ported by the Howard Hughes Medical Institute. J. A. Z. is an NSF C. I. B., unpublished data). Ventral cord axons were visualized with predoctoral fellow, and C. I. B. is an Assistant Investigator of the an integrated glr-1::GFP transgene (strain CX2835, kyIs29 X) (Maricq Howard Hughes Medical Institute. et al., 1995) . The PVQ interneurons were visualized with an integrated sra-6::GFP transgene (strain CX3350, kyIs39 I, integrated by David Received October 20, 1997; revised November 24, 1997. Kwan) (Troemel et al., 1995) . Animals were mounted on 2.5% agarose pads containing 5 mM sodium azide or in buffer solution containing 5 mM sodium azide. References HSN motor neuron morphology was examined by staining fixed adult animals with antibodies to serotonin as previously described Barstead, R.J., and Waterston, R.H. (1989) . The basal component (Desai et al., 1988 Chan, S.S., Zheng, H., Su, M.W., Wilk, R., Killeen, M.T., Hedgecock, E.M., and Culotti, J.G. (1996) . UNC-40, a C. elegans homolog of Photographs were scanned into a computer graphics file using a Nikon Scanner and assembled using the Adobe Photoshop pro-DCC (Deleted in Colorectal Cancer), is required in motile cells responding to UNC-6 netrin cues. Cell 87, [187] [188] [189] [190] [191] [192] [193] [194] [195] . Figures 1B and 1C show animals that were fixed for 1 hr at 4ЊC in 4% paraformaldehyde to reduce background autofluorescence (a Desai, C., Garriga, G., McIntire, S.L., and Horvitz, H.R. (1988) . A modified version of the first step of the anti-serotonin antibody genetic pathway for the development of the Caenorhabditis elegans staining protocol [Desai et al., 1988] (1987) . Studies on the development and organisation blunted Apa1-Eag1 fragment from the Apa1-Pst1 R06A1 rescuing of the nervous system of Caenorhabditis elegans. PhD thesis, Unisubclone in frame into the Sma1 site of the GFP expression vector versity of Cambridge, Cambridge, England. pPD95. 75 (A. Fire, et al., personal communication) . This construct Friedman, G.C., and O'Leary, D.D. (1996) . Eph receptor tyrosine contained the 3.8 kb of sax-3 upstream sequence present in the kinases and their ligands in neural development. Curr. Opin. Neurorescuing subclone, the first 667 amino acids of the sax-3 open biol. 6, 127-133. reading frame, including the five Ig domains and the first FNIII domain, as well as the first six introns. The sax-3::GFP transgene was Garriga, G., Desai, C., and Horvitz, H. (1993). Cell interactions control
